Abstract This experiment was conducted to evaluate the effects of different levels of nanosilicon dioxide (nSiO 2 ) on performance, egg quality, liver histopathology and concentration of calcium (Ca), phosphorus and silicon (Si) in egg, liver and bone in laying quails. The experiment was administered using 60 laying quails at 16-26 weeks of age with five treatments [0 (control), 500, 1000, 2000 and 4000 mg nSiO 2 per kg of diet] and four replicates in a completely randomized design. During the experiment, the amount of feed intake was recorded weekly and performance parameters were measured. During the last 3 days of the experiment, all of the eggs in each replicate were collected and egg quality parameters were measured. At the end of 26 weeks of age, the birds were sacrificed and blood samples were collected. Liver samples from each treatment were fixed in 10% buffered formalin for histopathological assessment. The right thigh bone and a portion of liver were inserted in plastic bags and stored at -20. The results showed that nSiO 2 supplementation significantly affected egg weight and egg mass (P \ 0.05). Also, dietary nSiO 2 supplementation decreased the yolk weight and increased the shell weight (P \ 0.05). Moreover, nSiO 2 increased bone ash content, Ca and Si concentration in the bone (P \ 0.05). The liver enzymes in plasma and the liver tissue histopathology were not significantly affected (P [ 0.05) by dietary treatments. In conclusion, the results indicated that dietary supplementation of nSiO 2 could improve bone density and performance without any adverse effect on the health of laying quails.
Introduction
Silicon (Si) is the second abundant element in the earth's crust. This element exists in all body tissues, but it shows highest concentration in bone, skin, hair, nails and arteries (Jugdaohsingh 2007) , and it is one of the essential elements for bone formation (Carlisle 1981; Nielsen and Sandstead 1974) . It has been shown that Si supplementation in animals and humans increases bone mineral density and improves bone strength (Price et al. 2013) . The deficiency of Si causes growth retardation, atrophy of organs, bone formation disorders, inflammation of the mucosa and of the skin in mammalian species (Bodak et al. 1997) .
During the last few years, nanotechnology has been revealed as a fundamental approach in animal nutrition and especially in mineral nutrition. Nanoparticle is an expression used for particles with at least one dimension of 100 nm or less and represents an intermediate supramolecular state of matter (Maynard and Kuempel 2005) . It is well known that due to high surface area and nanoscale size, nanoparticles possess unique physical and chemical properties (Sun et al. 2011) .
Several studies have been conducted to evaluate the effects of silicate minerals on the performance and health of the poultry (Safaeikatouli et al. 2012) . Tauqir et al. (2001) and Santurio et al. (1999) reported that poultry performance was improved with the use of silicate minerals in broiler diets. In turkeys, body weight gain and feed conversion ratio (FCR) significantly improved with dietary Si dioxide supplementation (Tran et al. 2015) . In a study conducted by Carlisle (1972) the average daily weight gain for roosters fed with 100 mg of sodium meta-silicate for 25 days was 2.57 and 3.85 g in control and treatment groups, respectively. It has been proposed that silicate minerals increase digestibility of diet and performance in broilers via gastrointestinal tract stimulation (Safaeikatouli et al. 2012) . The most important silicate minerals, which are used in poultry diets, are kaolin, bentonite and zeolite. Various studies have demonstrated that sodium zeolite-A improved eggshell quality and bone strength (poultry and horse), enhanced tibia ash and decreased the incidence and severity of tibial dyschondroplasia in broilers fed diets with low levels of calcium (Ca) (Rabon et al. 1995) . It is proposed that the beneficial effects of sodium zeolite-A on bone strength and eggshell might be related to its crystal structure or amounts of its Si or aluminum which affect Ca metabolism (Rabon et al. 1995) . Therefore, we hypothesized that using Si in the form of nanoparticle increased its positive effects on the eggshell quality and performance of laying quails. Moreover, concentrations of Ca, phosphorus (P) and Si minerals in egg, liver and bone of laying quails have been investigated.
Materials and methods

Birds, management and treatments
All procedures used in this study were approved by the guidelines of the Animal Ethics Committee of the University of Kurdistan. A total of hundred 16-week-old laying Japanese quails (Coturnix coturnix Japonica) were obtained from a local supplier. The obvious runts and birds in extreme weights were eliminated within the first 2 weeks which was considered as adaptation period. At 18 weeks of age, 60 clinically healthy birds were selected and randomly distributed between 20 cages (20 9 20 cm; three birds per unit), with almost same average body weight (263 ± 8.9 g) and egg production rate (87.1 ± 2.22%) throughout the cages.
The birds were fed either a control diet without nSiO 2 addition, or diets containing 500, 1000, 2000, and 4000 mg nSiO 2 /kg of diet until termination of the experiment. Four replicates were randomly assigned to each of the five dietary treatments. Feed (Table 1 ) and water were offered ad libitum. Light was provided for 16 h daily and temperature was maintained at 20 ± 2°C throughout the experiment. 
Sampling procedure
Production performance was measured from 18 to 26 weeks of age. Egg production and egg weight were recorded daily for each replicate, and the cumulative average egg production and egg weight calculated weekly. The collected data (number of eggs and egg weight) were used to calculate egg mass per replicate (egg number in replicate 9 average egg weight). Feed intake was measured on a weekly basis. Data on feed intake and egg mass were used to calculate feed conversion ratio (FCR, feed intake/egg mass, g/g). All the eggs laid during the last 3 days of the experiment, were collected by replicate (24 eggs per treatment) and yolk weight, albumen weight, shell weight, pH of yolk and albumen were measured. Furthermore, egg yolk relative weights (EYRW), albumen relative weight (AlbRW) and eggshell relative weight (shellRW) were calculated. To measure Ca, P and Si concentration of eggs, their contents (yolk and albumin) were mixed and stored at -20°C until further analysis. At the end of 26 weeks of age, access to feed was denied for a period of 10 h and blood samples were taken and the birds were sacrificed. The blood samples were transferred to heparinized tubes and centrifuged for 10 min at 3000 g. The plasma was removed and refrigerated (-20°C) until further analysis. After blood sampling, the birds were sacrificed, a portion of liver was obtained, fixed in 10% formalin, and transferred to the laboratory for histopathological study. Moreover, a portion of liver and right thigh bone inserted in plastic bags and stored at -20 until analysis for Ca, P, and Si contents.
Laboratory analysis
The activities of AST, LDH, and ALP in plasma were determined using a Jasco V-570 spectrophotometer (Jasco, Japan) as per the instructions of the corresponding reagent kit (Pars Azmun, Tehran, Iran). A representative sample of liver and egg contents from each pen was oven-dried at 70°C for 24 h, ground, and analyzed for mineral contents. The content of Si was determined by flame atomic absorption spectrophotometer (Phoenix-986, AA spectrophotometer, UK) after wet washing with concentrated hydrochloric acid (Pignalosa et al. 2001) . The content of Ca was determined by the versenate complexometric titration method using ethylene diamine tetra acetic acid as indicator (AOAC 2000) . The content of P was determined by the vanadium-molybdate method described by AOAC (2000). After removing any adhering tissue, thigh bones were fat extracted, and then analyzed for ash minerals (AOAC 2000) on a fat free dry basis. Bone Ca, P, and Si were determined as indicated in the mineral analysis of liver and egg contents. The liver samples were processed for histological examination according to Bancroft and Gamble M (2008) . The tissues were processed for paraffin embedding, and sections (3-4 lm) were stained with hematoxylin and eosin, and damaged tissue was evaluated using a light microscope.
Statistical analysis
The general linear model procedure of SAS software (SAS 2001) was used for analyzing the data in a completely randomized design model. The means of treatments were compared using Duncan's multiple range tests. Values of P \ 0.05 were considered statistically significant.
Results
The effect of different levels of nSiO 2 on growth performance of laying quails during the 8-week study is shown in Table 2 . Egg mass and egg weight of quails were increased by nSiO 2 (4000 mg/kg of diet) supplementation and were reduced significantly under level of 500 mg/kg nSiO 2 (P \ 0.05). However, the feed intake, egg production and FCR of the laying quails were not affected by nSiO 2 supplementation (P [ 0.05). No significant difference (P [ 0.05) was observed for the albumen weight, egg yolk relative weight (EYRW), albumin relative weight (AlbRW) and eggshell relative weight (shellRW), pH of yolk and albumen of quails after 8 weeks feeding with nSiO 2 supplementation (Table 3) . However, there was a significant increase in the shell weight of quails fed diets containing 4000 mg nSiO 2 per kg of diet (P \ 0.05). Moreover, yolk weigh significantly decreased in the birds fed diets supplemented with 500 mg nSiO 2 per kg of diet (P \ 0.05).
The effect of different level of nSiO 2 on bone, liver and egg minerals concentrations of laying quail is shown in Table 4 . Supplemental nSiO 2 increased bone ash and Ca concentration in the bone of quails fed diets containing 4000 mg nSiO 2 per kg of diet (P \ 0.05) and Si concentration of bone in quails fed diets containing 500, 1000 and 2000 mg nSiO 2 per kg of diet (P \ 0.05). However, no significant effect was observed on Si, Ca, and P concentration in egg and liver samples (P [ 0.05).
The effect of different level of nSiO 2 on concentrations (U/L) of liver enzymes in plasma in laying quails is shown in Table 5 . No significant effect of treatments was found on any liver enzymes in plasma (P [ 0.05). No significant change in the liver tissue histopathology was found among the treatments (Fig. 1) . 
Discussion
The results of the present study indicated that nSiO 2 supplementation increased quails egg weight and egg mass. Based on our knowledge, there is no published report related to use of nSiO 2 in laying birds. However, Tran et al. (2015) reported that in turkeys, supplementing diet with 0.02% SiO 2 significantly improved body weight gain and FCR. Moreover, it is reported that 100 mg/kg SiO 2 in the diet can improve growth rate in chickens (Carlisle 1972 (Carlisle , 1976 ). An improvement in body weight gain could also be obtained with supplementation of 2500 mg/kg SiO 2 to diet of fattening chickens (Vanschoubroek and Vermeersch 1996) . Although in the present study we did not measure nSiO 2 agglomeration, however, it is reported that high levels of nanoparticles in the diet, increase the possibility of their agglomeration in the small intestine leading to reduced absorption of the nanoparticles into the body (Philbrook et al. 2011; Bergin and Witzmann 2013) . SakaiKato et al. (2014) reported that following a reduction in the electrostatic repulsion between negatively charged silica particles, agglomeration can occur in the stomach due to its lower pH conditions and as a result of agglomeration, intestinal absorption of the particles reduced. Chen et al. (2006) reported that nanoparticles increased the retention time of feed particles in the gastrointestinal tract and decreased intestinal emptying rate, and in turn improve nutrients absorption by intestinal absorptive cells. Moreover, Safaeikatouli et al. (2012) , showed that silicate minerals make a temporary link with nutrient, decreases gastrointestinal transmission rate and therefore subject nutrients to further digestion which finally increases their absorption. As mentioned above, it is strongly possible that nSiO 2 agglomeration occurred in the small intestine of laying quails fed diets containing 4000 mg/kg which reduced their absorption and hence leading link with digesta nutrients and finally resulted in a significant reduction of nSiO 2 absorption in the small intestine. However in the birds treated with diets containing 1000 and 2000 mg/kg nSiO 2 compared to the control group, it seems that agglomeration was not enough to decrease intestinal transmission rate and increase nutrients absorptions.
On the other hand, there was a significant reduction in the egg weight of the quails fed diets supplemented with 500 mg/kg nSiO 2 , which can be due to negative effects of nSiO 2 on very low density lipoprotein (VLDL) as one of the major yolk-forming components. This hypothesis is strengthened by Peluso and Schheeman (1994) , who reported that plasma very low density protein (VLDL), and low density lipoprotein (LDL) concentrations reduced with inclusion of silicates in the diet of rats. One of the most important compounds for VLDL production in the liver is cholesterol. Moreover, cholesterol is a substrate for the synthesis of bile acids (Bravo and Cantafora 1990) and previous studies showed that interaction between Si and bile acids in the intestine likely affects liver cholesterol homeostasis. Peluso and Schheeman (1994) showed that Si dioxide could increase fecal cholic acids excretion, which finally inhibits cholesterol biosynthesis through inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase. Therefore, reduction of vitellogenesis due to reduced VLDL biosynthesis (specific to production of egg-yolk) could be a reason for the reduced yolk weight and egg weights in birds treated with 500 mg/kg nSiO 2 .
Although there is no previous study reported the effect of Si on eggshell formation in birds. However, it is demonstrated that Si has a significant effect on the bone matrix formation and bone calcification (Carlisle 1986 (Carlisle , 1988 . In our present study, there was a significant improvement in the eggshell weight of laying quails fed diets supplemented with 4000 mg/kg nSiO 2 . Due to important role of stored excess calcium in the bone for eggshell formation in laying birds, it is likely that dietary nSiO 2 improved eggshell weight of laying quails via improving bone calcium reserve. Furthermore, it is likely that due to temporary link of Si with dietary calcium (Safaeikatouli et al. 2012) , the amount of available calcium in the digestive tract during the period of eggshell formation increased and hence, improved eggshell thickness in the quails fed diets containing 4000 mg nSiO 2 /kg (Farmer et al. 1986 ). In the present study, an increase in bone ash content and Ca concentration of the bone was observed in laying quails fed 4000 mg/kg nSiO 2 . As previously mentioned, agglomeration of Si nanoparticles at 4000 mg/kg of dietary nSiO 2 leading to an increase in nutrients absorption (e.g. Ca) in the small intestine. It is reported that Si particles are indestructible and burying them into the collagen tissue of the skeleton is the final solution (Pernis 2004) . Hence, this could be an explanation for the increased concentration of Si in the bone. Carlisle (1976) showed that percent of bone ash was not affected by Si supplemented diet. Our results were in concordance with Elliot and Edwards (1991) who reported that dietary Si supplementation has no effect on improvement and development of skeleton in broiler chickens.
Plasma biochemical parameters are the main tools for assessment of health in many species and are used as markers of disease or disorders in organs such as liver, Fig. 1 Photomicrographs (optical microscopy) of hematoxylin and eosin-stained laying quail's liver sections from different treatments. a control; b contains 500 mg/kg nanosilicon dioxide; c contains 1000 mg/kg nanosilicon dioxide; D contains 2000 mg/kg nanosilicon dioxide; E contains 4000 mg/kg nanosilicon dioxide kidneys, and biliary tract (Tran et al. 2015) . In the present study, no effects of treatments were observed on plasma parameters. Investigating the liver histopathology, hematoxylin and eosin staining showed no significant changes between treatments. In whole treatments, normal liver cells with red cytoplasm indicating active cells surrounded the central vein of the liver lobule showed the lack of damage in liver tissue in treated birds. Lack of histological lesions in the present study indicated the very low absorption of nSiO 2 . Therefore, it is strongly possible that agglomeration of Si nanoparticles in the small intestine reduced its transfer to the liver. This assumption is supported by no significant effects of nSiO 2 on Si concentration in liver of birds.
Conclusions
In conclusion, supplementation of the laying quail's diet with nSiO 2 could improve bone density and performance of laying quails. In conclusion, supplementation the laying quail's diet with nSiO 2 could improve performance, egg shell weight and bone density of laying quails. According to the present study, it seems that supplementation of laying quail's diet with 4000 mg/kg nSiO 2 resulted in an optimal supply of necessary nutrients for egg weight via stimulation of the gastrointestinal tract; therefore the egg weight was increased. Tauqir NA, Sultan GI, Nawaz H (2001) Publisher's Note
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